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Abstract 


Tin'  IILIl.l  liudivi'ihic  /s  used  to  predict  the  shock  idtciitiiiitioii  within  u  )io)i-iiiitinting 
explosree  turret  folli’wni;^  thin  tluer  plate  iinpaet.  The  attentuation  relationship  between 
the  finer  plate  thiekness  and  the  initial  veloeiti/  is  invest i^ated.  Agreement  between 
I  mil  predictions  and  a  simple  theoretical  model  is  provided.  The  HLII.L  results  mail 
I'c  employed  /i'  predict  the  maximum  depth  'within  which  initiation  man  occur. 
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Modelling  Short  Duration  Shock  Wave 
Attentuation  in  Explosives 


1.  Introduction 


If  is  kninvn  tli.it  d  shock  vwu'o  .itfoiuutfs  as  it  travels  thri'Ugh  an  inert  inediiim 
11,2).  Tile  causes  of  this  attenuation  can  be  divided  into  two  majiir  groups 
These  are:  (a)  transfer  of  energy  from  the  shock  wave  to  the  medium  and  (b) 
the  degradation  of  the  shock  wave  by  the  encroaching  rarefaction  waves.  It  is 
expected  tliat  similar  attenuation  mechanisms  will  ivcur  within  an  explosive 
medium  until  the  input  stimulus  initiates  a  reaction  that  mav  lead  to  a 
detonation. 

It  can  be  difficult  to  experimenlallv  determine  the  extent  of  the  attenuation 
witlim  an  expiosivi'  nuxhum  because  that  medium  can  respond  to  impact 
stimuli  bv  quii  klv  growing  to  detonation  If  the  impact  duration  is  short  the 
measurement  beconu"-  more  (.iifficult  becau>e  the  attenuation  occurs  i  '  er  a 
sluirt  distance  An  exampk'  iit  a  short  iliiration  shock  pulse  that  n  a  v  lead  to 
detonation  is  prov  ided  bv  the  shipper  iletonator. 

The  skipper  detonator  [3|  employs  a  thin  fiver  plate  that  impacts  the  surface 
of  an  explosive.  At  impact  the  shock  intensify  is  measured  i.i  gigapascals  and 
the  shock  duration  in  nanoseconds.  This  short  duration  high  pn-ssure  shock 
pulse  may  cause  initiation  v'f  the  explosive. 

Walker  and  Waslev  [4|  have  proposed  an  initiation  criterion  iif  the  form 
[’"t  =  constant  to  quantifv  the  effect  of  these  para  refers.  In  the  equation,  P  is 
the  shock  pressure,  t  is  the  shock  duration  and  n'  is  an  experimentallv 
determineil  constant  for  a  specific  material.  Whatever  the  exact  criterion  mav 
be,  if  initiation  occurs,  growth  to  iletonatioi,  mav  ensue  over  a  finite  ifistance. 
.Attenuation  of  thi’  initiating  shock  wave-,  however,  is  still  expected  to  I'ccur 
prior  to  the  onset  of  a  reaction  In  the  cases  where  initiation  doi's  not  occur,  the 
transmitted  shock  wave  undergoe-.  further  attenuativm. 
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Si'hw.ir/  (^I  su>;^t  s!s  tfi.it  n  •  2  4  for  hexonitrostilK'iu'  (HNS). 
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By  investigating  the  extent  of  the  attenuation  within  the  target  and  by 
employing  an  initiation  criterion,  it  may  be  possible  to  predict  whether  a 
prompt  or  a  delayed  initiation  will  result  or  whether  no  initiation  at  all  is 
possible.  Such  information  could  be  employed  to  improve  the  understanding  of 
short  duration  shock  initiation. 

In  an  attempt  to  quantify  the  attenuation,  shock  transmission  through  an 
explosive  medium  has  been  modelled.  This  was  achieved  by  employing  the 
hydrocode  HULL  [5]. 


2.  Numerical  Model 


To  simplify  the  calculation  several  assumptions  were  made.  The  explosive 
target  was  treated  as  an  inert  material  as  HULL  is  a  non-reactive  code.  This  is 
a  reasonable  assumptii'n  as  the  simulation  was  onlv  concerned  with  the 
unreactive  passage  of  the  shock  wave  through  the  explosive  Shock  initiation  of 
the  explosive  was  not  of  interest  to  this  sfudv 

The  HLT  I  code  models  attenuation  i>f  shock  waves  bv  changing  the  internal 
energy  ot  the  medium  depending  on  the  amvmnt  of  work  performed  on  that 
medium.  The  pressure,  the  deviatoric  stresses  and  artificial  viscositv  terms  are 
all  emploved  to  determine  the  amount  of  work  performed.  Conservation  i>f 
total  energy  at  the  shock  frtmt  is  employed  to  determine  the  reduction  in  the 
shcK'k  wave  velocity  as  the  calculated  internal  energy  of  the  shocked  medium  is 
increased.  ITirther  attenuation  is  achieved  as  the  rarefaction  wave  encroaches 
upon  the  original  shock  wave  and  the  particle  velocity  is  returned  to  /.ero 

The  problem  to  be  modelled  cimsisted  of  a  thin,  high  velocitv  disc  imp.icting 
a  much  longer  stationarv,  cylindrical  target  (I'ig.  1).  The  collision  was  modellevl 
by  HULl  m  Lagrangian  movie.  C>ne  dimensiv>nal  geometrv  was  emploveil  as 

the  width  I't  the  vlisc  was  large  Ci>mparevl  to  the  depth  of  peiu'tration  into  Ihe  I 

explosive  that  was  expected  anvl  therekire  the  assumption  v'f  uniaxial  strain 
close  to  the  impact  surface  was  valid.  C)ne  dimensional  gei'inetrv  reduced  the 
calculational  time. 

The  same  grid  spacing  was  used  for  both  the  flyer  plate  and  the  target.  The 
initial  grid  spacing  was  0.5  pm  for  the  x-axis  and  1  pm  for  the  v-axis.  The 
25  pm  thick  disc  consisted  of  286  nodes  and  the  375  pm  long  target  of  4136 
nodes.  Later  numerical  experiments  emploved  a  thicker  flyer  plate  (75  pm, 
nil  nodes)  against  the  same  target. 

Pressure-time  history  was  determined  at  pre-selected  points  along  the  central 
axis  of  the  vlisc  and  target.  The  vlata  was  anaivsed  to  determine  the  degree  of  i 

attentuation  of  the  pressure  pulses.  ! 


I 

I 

I 
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Fif^iiri’  I:  Si  Ihr  miiuh't  tc  I’l'  ^)h\lc!lrJ  I'!, 

thivu^h  the  hir^et. 


Code  (.Mk  ukitic'ns  wt're  conducted  for  several  ditferent  materials.  These 
numerical  experiments  were  employed  to  determine  the  credihilitx-  of  the  HIT  1 
output.  Hugonii't  data  for  the  various  materials  used  were  inserted  into  the 
IIL'LI.  mati'rial  librarx'.  The  Hugoniots  for  copper  |t|,  hexanitrostilbeiu'  ill,\S‘ 
[h]  and  Kapton  (polyimide)  |7|  were: 


f'opper  .  /  ■  =  .t  9.‘'8  •  I  49"  n,^ 


HNS:  r  =  I  98  *  1  V.'  K, 


Kaplun  ()  9.i  -  I  64  n 


xvhere  ii  the  shock  vi'locilv  anil  U|,  is  the  [’artnle  xiToiilx,  all  m  mm  ii' 
The  densitii’s  ot  thesi'  materials  were:  8901),  lS7t)  and  1410  ky  m’  re'.pecin  el\ 


3.  Results 


The  peak  pressure,  particle  vekn'itv  and  shock  iluration  at  the  collision  intiTtaci 
can  be  calculated  from  the  known  Hugimiots  jl)  The  codi'  calculatiims  can 
therefore  be  i  heckl'd  against  the  expected  valui's  at  tiu’  interface  Such  a 


comparison  should  provide  a  clear  indication  of  the  validity  of  the  code 
calculations  at  the  shock  interface.  The  results  are  shown  in  Table  1  for  three 
separate  cases  with  an  impact  velocity  of  2.5  mm/ps:  a  copper  disc  impacting  a 
copper  target;  a  Kapton  disc  impacting  a  Kapton  target  and  a  Kapton  disc 
impacting  an  HNS  target.  The  flyer  plate  thickness  was  25  pm.  The 
simulations  were  successfully  completed  except  for  the  Kapton  colliding  with 
Kapton  where  calculational  instabilities  were  experienced  in  the  HULL 
simulation. 


Table  1: 
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The  pressure  profiles  pri'dicted  bv  HULL  at  the  interface  and  within  the  I  INS 
target  can  be  seen  in  Figure  2.  Successive  pn'files  represent  the  pressure 
calculated  at  increasing  depths  of  23  pm  up  to  a  depth  of  U)0  pm.  The  profiL's 
are  then  shown  at  interwils  of  30  pm. 

In  the  ideal  case,  a  square  pul.se  is  expectecf  at  the  interface.  The  HULL 
calculation  cannot  provide  a  square  pulse  at  the  interface.  This  is  partlv  due  to 
the  finite  dimension  of  the  cell  sizes  emploved.  Consequentlv  the  first 
calculated  pn'file  in  the  serii's  slurwn  in  Figure  2,  corresponds  to  a  location 
bi’neath  the  surfaci'  of  the  target  rather  than  at  the  interface  .Attenuation  would 
thereUm-  havi’  alreadv  begun  aiui  the  HULL  predictii'ns  tor  the  shock  pressure 
at  the  inti'rtace  wouki  be  uiuierestimateil.  In  addition,  the  numerical  techniijues 
empk)\ed  hv  IIL'l  I  ti>  soKt'  the  problem  mav  also  affect  the  accurac\  of  tiu' 
predictions. 

For  the  purposes  ot  thi'  comparison  shi>wn  in  labli'  1,  the  initial  shock 
duration  for  the  Kapton/llNS  impact  was  measured  as  follows  .A  horizontal 
line  was  drawn  at  the  peak  pressure  i>f  the  first  profile.  Fhe  shock  duration 
was  estimated  to  correspimd  ti>  the  time  that  the  pressure  at  the  peak  remained 
constant.  At  later  times,  the  sluK'k  duration  is  counted  as  the  full  width  at  half 
height  (FWHH). 

At  the  interface,  good  agreement  was  hriind  between  the  impedance  matching 
technique  |1|  and  the  HULL  model  as  shown  in  Table  1.  It  w'as  therefore 
decided  to  investigate  the  attenuation  of  the  shock  wave  inside  the  target.  This 
was  done  as  a  function  of  impact  velocity  and  plate  thickness  for  a  Kapton  ll\er 
and  an  HNS  target.  A  range  of  impact  velocities  that  encompassed  the 
experimentally  derived  threshold  velocity  of  approximately  2.7  mm/ps  1(S]  for 
.380  pm  wide  flyer  plates  and  explosive  HNS  with  a  specific  surface  area  (SSA) 
of  approximately  8  m‘/g  were  chosen. 
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Figure  2:  Pn’<>i(re  f)ivtiU’>  u'itliiii  the  HNS  huget  folloiviii^  impact  at  2.5  mm/jis  by  a 
25  pm  thick  Kaptoii  diiic.  The  fir<t  four  profiler  after  impact  are  >ho:eii  at  SKc'c'css/tv 
depths  of  25  jtm.  Thereafter,  the  profile<  are  Hiotoit  at  <itcce<<ive  depths  of  50  pm. 


As  the  C(hIc‘  i<  non-rcactivo.  it  clot's  ni>l  JHlinpuish  hctwivn  inipnc'ls  (h.ii 
ti'  di'ti'imtion  .iiul  those  tlint  dc'  nol^  The  ningo  of  velocities  chosen  provides  nn 
oppi'rtiinitv  ti>  cc'iisider  the  ch.in,i;e  in  attenuation  as  the  v  elix'itv  is  increased 
beyond  the  tlireshc>ld  eeU'cite.  The'  results  mav  be  interpreted  in  terms  of  an 
initiation  criteruin  of  VValker-Waslev  |4|  form.  The  maximum  depths  at  which 
initiation  is  predicted  to  I'ccur  may  then  be  compared.  Figures  3  and  4  show 
the  results  cibtained  for  a  23  pm  thick  flyer  plate  at  velocities  of  1.5  and 
3.5  mm/ps  respectivelv.  The  pressures  are  shown  at  the  same  penetration 
distances  as  Figure  2  except  for  the  last  three  in  Figure  4  where  the  separation 
is  100  pm. 

Figure'  5  summarizes  these  results  in  a  plot  of  the  peak  pressure  as  a  function 
of  distance'  into  the  targi't  tor  various  impact  velc>cities  and  two  Oyer  plate 
thicknesses  (25  pm  and  75  pm). 

in  ITgure  h,  1’“  't  (the  initiation  criterion)  is  shown  as  a  function  of  the 
penc'tration  distance'  for  v  arious  tTv  er  plate  velocities  and  thickni'ssi's.  The 
pressure  and  shock  duration  value's  are  from  the  llUl.l.  output.  The  thick 
horizontal  line'  ri'presents  the  calculatc'd  value  of  this  initiatiem  criterion  when 
the  plate  velocity  is  2.7  mm/ps.  Points  below  this  line  indicate  a  failure  to 
initiate  the  e'xplosive  under  this  criterion. 


Pressure.  bPa 


Fi^^ure  .3;  Pressure  f>rotilc>  u'lllim  the  HNS  tur;fet  follou’in;^  utipaet  iit  1.5  hu  ,i 

25  \tm  tiuek  K:ipto)i  di<e.  The  fir>t  fom'  fxvfile::^  after  inipaet  are  <ho:eit  at  <iieee>>ire 
depths  of  25  ptn.  Thereafter,  the  profile^  are  fho'd'ii  iis  >iieee<^ive  deptln-  of  5ll  m::. 


0  25  50  75  100  125  150  175  200  225  250 

Time,  ns 


Figure  4:  Pres.'^iire  profiler:  irithiii  the  HNS  target  following  nnpaet  at  .3.5  mm/ps  by  a 
25  pin  thiek  Kapton  dirre.  The  firft  four  profile;:  after  inipaet  are  shown  at  siieeessiz'e 
depths  of  25  pin.  Thereafter,  the  profiles  are  shown  at  sueeessive  depths  of  50  pin 
exeept  for  the  last  three  whieh  are  shown  at  intervals  of  100  pin. 


Q  1 _ I _ I _ I _ I _ I - - 1 -  1  ‘  -  1  -  -1  A 

0  50  100  150  200  253  300  3 

Penetration  distance,  nm 


f'if^urc  5;  Cnii’h  >h(m'in\;  the  >hock  iitleiiinilii'ii  it>  d  tniuiit'ii  of  I'nii-tiutud’  J’-;.:!:. 
for  z\inoi(>  tini’dcl  ivlooiticr^  iiiij  flwr  plate  tlnel<iie>z-e<  (O  Jo  um  aiij  ~o  iio:. 
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n^ure  b:  Caaplt  '•Iiou'di^  the  nutiation  eritenoii  a'-  a  fiiiietioit  ot  penetrala'ii  iiotan. 
tor  -oai  hui-'  >hier  plate  veh>eitie-^  and  thiekne->e>. 


4.  Tlicojy 

At  imp.ti  t,  till'  p.irtii'li’  v  i'lncitv  ii^,  is  common  to  both  tlio  IImt  pinto  niitl  tho 
tnrgft.  Tho  shock  reflected  hack  into  the  liver  pkile  hns  n  wlocitv  given 
bv  equation  J  when  the  particle  velocitv  is  I  he  shock  \  elocity  into  the 

HNS  (Li\)  is  given  by  equation  2.  1  he  retlectei.1  shock  travels  to  tlu'  rear 
boundary  of  the  flyer  plate  whereupon  a  retlecteil  rarefaction  wave  returns  to 
the  interface  hi'tween  the  fiver  plate  and  the  target  I  he  transit  time  for  this 
excursion  is  approximately, 


T 


(4) 


IJ . 


vvht’re  L  is  thL-  thiLknuss  of  the  flyer  plnte.  A  rnref.iction  w.n  e  is  then  sent  into 
the  target. 

To  simp'lify  this  analysis,  it  was  assumed  that  the  component  of  the 
attenuation  that  is  due  to  the  rarefaction  could  be  modelled  independentiv. 

This  would  allow  the  results  from  such  an  analysis  to  be  compared  with  the 
HULL  output. 

The  simplified  analysis  assumes  that  Uj.  (rarefaction  velocity  in  the  target)  can 
be  related  tc'  U^  (shock  velocity  in  the  target)  by: 

(1^  ^  a 


where  a  >  1  and  constant.  This  relatK>nship  relies  on  the  fact  tliat  the 
propagation  velocity  for  disturbance,'  behind  the  shriek  is  gre.ilr’r  than  the  shock 
\  eli'cit\'  11|.  In  realitc  a  is  lu'l  a  constant  and  would  decrea.se  as  tin'  ririginal 
shock  wavi-  Ir'ses  energv  t(>  the  medium  and  slows  down  I'-tl, 

L.Tider  these  assumptir'n>,  the  rarefaction  wave  ''vertaki's  thr'  original  shock 
waw  at  a  distance: 


inti'  the  target  and  after  a  time  I  following  impact. 


l\,(a  -  1) 


1  he  tinn'  to  cn vrtaki’  is  pli'tteil  as  a  function  ot  (t,  (L  L  in  l  igvire  /  1  he 

peiu’tration  curw  rlisplays  the  same  teilures.  It  should  be  nr'teri  that  it  ((  -  1 
thi’  rarefaction  wa\  r'  ni.'Vi'r  catiln-s  up  to  the  shock  wa\e  aiul  tliat  br'th  tiu'  time 
and  penetration  distance  are  infinite. 

A  two  dimensional  analysis  would  need  to  include  the  effect  of  the  unloading 
shock  from  the  sides  of  thi'  impacting  plate.  This  unloading  forms  a  Mach  cone 
and  further  reduces  the  region  of  high  pressure  within  the  evplosiw.  1  he  cone 
angle,  (1,  i.s  gir  en  bv  (y|: 
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where  c 


<3p 


(4) 


nnd  p  is  thi'  dcnsifs’. 
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5.  Discussion 


I  hf  pri-ssiire-tinK'  plots  tor  tho  rnnge  I'f  pl.ito  impacts  slitn\  n  in  l  igLiii"-  2.  7 
and  4  Indicate  that  the  rale  of  attenuation  depended  on  tlie  iinfMcl  \eioi.it\ 
when  t'lnploving  .i  25  pm  thick  di.sc.  4’he  shortest  time  lor  atlenu.ilion  w.w 
toiHKl  to  oiciir  at  the  higliest  velocilv.  I'or  example.  I'lgim’  4  ■-hin\s  ihal  .i  iKer 
plate  impact  at  I  4  rnm/ps  results  in  a  minimal  reiluction  in  the  pe.ik  pie'^me 
after  40  ns.  .•MlernatneU,  tor  a  liver  plate  \eli>cilv  ot  .4.4  nun  u-'  a  ^le.nitic.int 
reduction  in  pt'ak  pressure  lias  already  occurred  by  St'  ns  ll  iguie  )i  In  Is'lh 
cases,  hoivei'er,  the  structuri'  oi  the  wave  has  changeil. 

liquations  2  and  4  can  he  used  to  calculate  the  particle  velocitv  and  shock 
velocities  for  a  25  ptn  thick  fiver  plate  with  a  veliK'itv  of  4.S  mm  ps  impacting  a 
stationarv  HNS  target,  fiquation  7  then  predicts  that  I  le  rarefaction  o\  in  l.iki's 


1.4 


r- 


the  shock  in  approximately  160  ns  after  impact  for  an  a  of  1.1.  Given  the 
simplifications  involved,  this  calculation  provides  an  indication  of  the  upper 
bound  to  the  atttenuation  time.  The  corrt'sponding  maximum  penetratit>n 
distance  of  790  pm  from  equation  b  is  beyond  the  range  of  Figure  5.  An  a  of 
1.2  predicts  that  the  rarefaction  overtakes  the  shock  in  approximately  85  ns. 

Thus  for  an  impact  velocity  of  3.5  mm/ps  a  good  approximation  may  be 
1.1  <  a  <  1.2. 

Figure  7  show's  the  strong  relationship  between  a  and  the  time  to  attenuate. 
Unfortunately  the  model  cannot  be  used  to  compare  attenuation  times  and 
penetration  distances  for  different  impact  velocities  as  the  relative  a  values  arc 
unknown.  In  fact,  a  will  increase  as  the  impact  velocity  increases. 

Including  the  lateral  release  waves  reduces  the  maximum  penetration  distance 
as  calculated  bv  HULL.  For  a  flyer  plate  with  a  velocity  between 
1.5  and  3.5  mm/ps,  the  calculated  Mach  cone  angle  is  between  4U  and  5tL  from 
equation  8.  The  penetration  distance  for  a  250  pm  diameter  flyer  plate  |101  is 
then  found  to  be  about  100  pm  for  an  impact  at  3.5  mm/ps  and  140  pm  for  an 
impact  at  1.5  mm/ps.  Alternatively,  for  a  1.57  mm  diameter  fiver  plate  (3),  the 
distances  are  660  pm  and  890  pm  respectively.  Equation  8  also  provides  an 
estimate  for  a.  As  the  shock  travels  into  the  target  at  U^.,  the  side  rarefactions 
tra\  el  at  ctU^.  The  vector  diagram  of  the  addition  of  these  two  velocities  gives: 

tan  0  =  a 


Fi'r  41  <  0  <  ,^0  ,  then  lU-t  <  n  <  1.2.  This  suggests  an  upper  limit  of  1.2  for  a 
m  good  agreement  with  the  earlier  estimate.  An  (t  <  1  results  frinn  the 
simplification  of  the  shi'ck  interactions. 

I'he  rapid  degradation  of  the  pressure  pulse  bv  the  encroaching  rarefaction 
waves  indicates  that  if  initiation  is  to  iKCur  as  defined  bv  an  initiatii'n  criterion 
of  the  l’''t  form,  it  must  occur  near  the  impact  surface.  This  is  shown  in 
Figure  6  where  for  a  3.5  mm/ps  flyer  plate,  initiation  would  be  possible  to  a 
liepth  of  appri'ximateh  200  pm;  a  distance  equivalent  to  eight  flyer  plate 
thicknesses.  Note  that  the  Mach  cone  for  250  pm  width  fiver  plates  allow  for  a 
maximum  penetration  distance  of  abv>ut  100  pm.  Under  these  conditiims,  it 
therefore  seems  that  the  initiation  pmeess  is  limited  to  a  maximum  depth  of 
100  pm. 

As  the  impact  velocity  approaches  the  threshold  veKveity,  Figure  6  suggests 
that  initiation  must  occur  close  to  the  surface.  Ultimatelv,  a  minimum  volume 
of  explosive  must  be  shocked  for  initiation  to  begin.  Below  this  minimum  the 
shcick  wave  continues  to  be  attenuated.  The  minimum  volume  is  probably  due 
to  a  complex  interaction  of  the  particle  size  and/or  the  SSA  and  the  strength  of 
the  shock  wave.  The  minimum  diameter  of  a  detonation  front  that  can  be 
sustained  bv  the  explosive,  the  failure  diameter,  also  provides  a  limit  for  the 
minimum  volume.  For  the  present  work  the  width  of  the  impacting  plate  is 
much  greater  than  the  failure  diameter  of  the  HNS.  Above  this  minimum  the 
energy  released  from  the  hot  spots  formed  may  be  coupled  to  the  shock  wave. 

The  shock  wave  may  then  build  to  detonation.  Near  the  apex  of  the  Mach  cone 
the  failure  diameter  may  again  limit  the  buildup  process. 
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Measurement  of  the  excess  transit  time  for  a  detonation  provides  experimental 
evidence  of  the  promptness  of  initiation.  Excess  time  is  the  difference  hr'tween 
the  time  measured  for  a  detonation  wave  to  be  detected  on  the  free  surface  of 
an  explosive  target  following  flyer  plate  impact  at  the  other  end,  and  the  time 
taken  for  a  reactive  shock  wave  to  travel  that  same  distance.  Using  .^0  pm  thick 
flyer  plates  against  pentaerythritol  tetranitrate  (PETN),  VVeingart  et  al  |ll|  h.ne 
shown  that  the  excess  transit  time  is  close  to  zero  when  detonation  does  occur 
A  similar  phenomenon  occurs  for  HNS  [3|  with  SSA  <  It)  m“/g.  Remembering 
that  the  excess  transit  time  includes  the  time  to  ignite  as  well  as  the  time  to 
build  up  to  detonation,  the  measured  excess  times  indicate  that  initiation  niList 
occur  very  close  to  the  explosive  surface. 

When  a  thicker  flyer  plate  is  employed,  the  initial  shock  duration  is  increased. 
A  comparison  between  the  HULL  output  for  the  2.S  pm  and  73  pm  thick  tl\er 
plates  with  a  velocity  of  3.5  mm/ps  (Figure  5)  indicates  that  the  peak  pressure 
remains  high  for  a  much  longer  penetration  distance  h>r  the  thicker  fl\er  plate. 

The  thicker  fiver  plate  does  ni>t  effect  the  Vlach  cone  anil  therefore  the 
maximum  penetration  depth  tor  a  shock  ot  sufticient  strength  to  cause  initiation 
is  still  approximateh'  lOt)  pm  for  a  73  pm  thick,  23t)  pm  wide  tls  er  plate,  lo 
achiexe  greater  penetration  a  wider  Aver  plate  woulii  he  rei|uired. 

.According  to  Figure  b  lower  threshold  impact  \elocities  for  HNS  are 
permitted  as  the  thickness  of  the  fiver  plate  increases  from  23  pm  to  73  uin. 

This  is  due  to  the  longer  shock  duration  time. 

With  further  increases  ti'  the  shock  duration,  thi’  impact  conditions  change 
from  short  shock  to  sustained  shock  and  the  Waller-Waslev  form  of  the 
initiation  criterion  ni'  longer  holds.  The  initiation  mechanism  also  changes  from 
one  where  the  shock  wa\  e  builds  to  detonation  within  the  expK'sne  medium, 
to  oni'  where  the  detonation  begins  at  the  shock  interlace.  I  hus  increasing  the 
thickness  ol  the  fixer  plate  to  reduce  the  ihri'shold  impact  xelocilx  is  iit  limited 
\  able  w  hen  considering  short  shock  initiation  and  the  attendant  penetration 
depth  ot  the  shock  w  a\  e 


6.  Conclusion 


IILI.I.  modelling  has  shown  that  significant  shock  attenuation  occurs  hex  ond 
lot)  pm  of  the  impact  surfaci'  following  thin  (23  pm)  tlver  plate  impact  xxhen 
the  impact  is  close  to  the  thri'shold  velocitv  of  HNS.  fhis  contirms  that  slapper 
detonator  initiation  must  hi'  prompt  |ll|  and  must  occur  within  4  tlxer  plate 
thickness  of  the  impact  surface. 

The  HUl.l.  code  one-dimensional  calculations  and  the  theoretical  analxses 
prox  ided  insight  into  experimentally  determined  initiation  criteria  The 
possibility  of  further  investigation  including  three  dimensiotral  anaixsis  should 
be  considered.  These  simulations  may  be  employed  to  study  the  e'fect  of  plate 
planarity  and  tilt  on  the  transmitted  shock  wave.  Ultimatelx'  a  reactix  e 
component  will  need  to  be  included  in  the  code.  Fhis  will  enabli'  the  target 
material  lo  respond  to  the  shock  stimulus. 
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